Background: Toll-like receptor (Tlr) 9 is capable of recognizing exogenous and/or endogenous nucleic acids and plays a crucial role in innate and adaptive immunity. Recently, we showed that Tlr9 is overexpressed in podocytes, a component of the blood-urine barrier (BUB), in glomeruli of autoimmune glomerulonephritis (AGN) model mice. This study investigated the activation of peritubular capillary (PTC) endothelial cells (ECs), a component of the BUB in the tubulointerstitium, through overexpressing Tlr9, and the subsequent development of tubulointerstitial lesions (TILs) in AGN model mice. Methods: Lupus-prone BXSB/MpJ-Yaa (Yaa) and BXSB/MpJ (BXSB) mice were used as an AGN model and control, respectively. In addition to histopathological and ultrastructural techniques, protein and mRNA levels were also evaluated. The relationship between Tlr9 and TIL indices was analyzed by statistical correlation analysis. Results: Yaa mice developed TILs and showed strong Tlr9 mRNA expression in PTC ECs at 24 weeks (wks) of age. However, BXSB mice showed no TIL but faint expression of Tlr9 mRNA at 8 and 24 wks of age. Tlr9 protein localization on PTC was almost absent in BXSB mice at both ages but intense expression was found in Yaa mice only at 24 wks of age. Relative mRNA expression of Tlr9 and its putative downstream cytokines, including interleukin 1 beta (Il1b), Il6, interferon gamma (Ifng), and tumor necrosis factor alpha (Tnf) was markedly increased in isolated tubulointerstitium from Yaa mice at 24 wks of age. Furthermore, electron microscopy examination revealed PTC injury and TIL in Yaa mice at 24 wks. The expression level of Tlr9 in the tubulointerstitium was correlated with inflammatory cells in TILs, injured PTC, Ilb and Tnf expression, and damaged tubules (P < 0.05 and 0.01). Conclusion: Induced expression of Tlr9 in ECs correlates with PTC injury and the development of TILs in lupus-prone AGN model mice. Lupus (2019) 28, 324-333.
Introduction
Chronic kidney disease (CKD) affects 22% of human adults in Japan, and 10-13% of the global population. 1, 2 Most forms of CKD progress to either end-stage glomerulosclerosis or tubulointerstitial fibrosis. 3 Therefore, CKD is a serious public health problem throughout the world, as it is associated with end-stage renal disease (ESRD), cardiovascular complications, and requires dialysis. experimental animals. 7, 8 Importantly, ECs are being gradually recognized as active participants in the host's innate immune response to infection and injury. The engagement of endothelial innate immune receptors with host-derived agonists upregulates the expression of specific cytokines and chemokines, and increases the binding of neutrophils to the endothelium. 9 ECs have been shown to express Toll-like receptors (Tlrs) that are activated in response to stimuli within the bloodstream, including pathogens and damage signals. Inappropriate endothelial activation through Tlrs contributes to tissue damage during autoimmune and inflammatory diseases in human and murine disease models. 10 Tlrs act as sentinel receptors for the mammalian innate immune system and various studies have shown that Tlrs are expressed in intrinsic renal cells. 11, 12 Particularly, Tlr5 and Tlr11 are expressed in tubular epithelial cells, and Tlrs also play an important role in urinary tract infections in mice. 13, 14 The activation of different members of the Tlr family in tubular ECs also contributes to the progression of kidney ischemia-reperfusion injury and subsequent renal fibrosis in human and mice. 15 However, among the members of Tlr family, Tlr9 shows the most variability both in expression and its role in the development of kidney diseases. A previous study showed Tlr9 expression in the tubulointerstitium and glomerulus of human patients with renal disease, but only in the tubulointerstitium of normal kidney. 16 Machida et al. showed that Tlr9 is expressed on the podocytes of children with active lupus nephritis whereas Tlr9 expression was also found in the glomerular capillary endothelium of patients with bacterial CpG-DNA-induced glomerulonephritis. 17, 18 Therefore, Tlr9 expression is not restricted only to antigenpresenting cells but also to murine ECs, 19, 20 human dermal microvascular endothelium, 21 podocytes, 17 and tubulointerstitium, 13, 14 and it plays a crucial role in infectious and autoimmune responses. However, the role of Tlr9 in the development of tubulointerstitial lesions (TILs) has remained unclear.
Lupus-prone BXSB/MpJ-Yaa (Yaa) mice are generally used as the animal model of autoimmune glomerulonephritis (AGN). Importantly, male Yaa mice show more severe glomerular lesions (GLs) than females because of a mutation called the Y-linked autoimmune acceleration (Yaa). 22, 23 The Yaa locus contains approximately 19 proteincoding genes including Tlr7 and Tlr8. 22, 23 We demonstrated that overexpression of Tlr8 on the Yaa locus and Tlr9 on the autosome were observed in podocytes, and their expression correlates with the progression of GL of AGN in Yaa mice. 24, 25 Further, our previous studies have shown a close relationship with the number of glomerular capillaries and severity of GLs in Yaa mice. 5 Importantly, these mice also developed TILs at a later stage. However, the mechanism of TIL development, especially the pathological correlations with Tlr expression, has not been fully elucidated yet.
In this study, we showed that Tlr9 was expressed in injured PTCs of Yaa mice at 24 weeks (wks) of age. Moreover, Tlr9 expression was correlated with TILs, indicating that de novo expression of Tlr9 was related with PTC injury and subsequent development of TILs in AGN.
Materials and methods

Ethical statements and maintenance of experimental animals
All experiments using mice were approved by the Institutional Animal Care and Use Committee of the Faculty of Veterinary Medicine, Hokkaido University (approval No. 13-0032, 16-0124). The authors adhered to the ''Guide for the Care and Use of Laboratory Animals of Hokkaido University, Faculty of Veterinary Medicine,'' approved by the Association for Assessment and Accreditation of Laboratory Animal Care International throughout the experiments. Sixweek-old male BXSB/MpJ (BXSB), Yaa, MRL/ MpJ (MRL), and MRL/MpJ-lpr (lpr) mice were purchased from Japan SLC Inc. (Hamamatsu, Japan) and maintained under specific pathogenfree conditions. Twenty-four-week-old Yaa and lpr mice were designated as the AGN model.
Sample collection and preparation
Mice were anesthetized with a mixture of 0.3 mg/kg medetomidine (Kyoritsu Seiyaku, Tokyo, Japan), 5 mg/kg butorphanol (Meiji Seika Pharma, Tokyo, Japan), and 4 mg/kg midazolam (Astellas Pharma, Tokyo, Japan). The kidneys were cut into small slices and fixed in 10% neutral buffered formalin (NBF), 4% paraformaldehyde (PFA), or 2.5% glutaraldehyde (GTA) in 0.1 M phosphate buffer for routine histopathological analysis, immunostaining, and electron microscopy analysis, respectively. Kidney slices were fixed with 4% PFA for 2 h followed by treatment with 30% Tlr9 in PTC correlates tubulointerstitial lesions MA Masum et al.
sucrose and were then snap frozen in optimum cutting medium. To visualize the vascular structures, the perfusion of Microfil (Flow Tech, Inc. Massachusetts, USA) throughout mouse hearts was performed according to our previously described methods. 5 
Histopathological examination
The tissue sections were stained with periodic acid Schiff-hematoxylin (PAS-H) for histopathological analysis. Immunodetection of target cell markers was performed using kidney specimens fixed with PFA; details are listed in Supplementary Table 1 . Briefly, deparaffinization and antigen retrieval was followed by submerging tissue sections in methanol containing 3% H 2 O 2 for 20 min at room temperature and blocked with normal goat or donkey serum. Sections were incubated with primary antibody overnight at 4 C followed by incubation with the respective secondary antibodies at room temperature for 30 min: Alexa Fluor 546-labeled donkey anti-mouse IgG (Life Technologies, Yokohama, Japan) or Alexa Fluor 488-labeled donkey anti-rabbit IgG (Life Technologies, Yokohama, Japan). The sections were examined under an All-in-One Fluorescence Microscope BZ-X710 (Keyence, Osaka, Japan).
For immunohistochemistry, the sections were incubated with the appropriate biotinylated secondary antibody for 30 min, then with streptavidin-horseradish peroxidase (SABPO kit; Nichirei, Tokyo, Japan) for another 30 min, followed by incubation with 3,3-diaminobenzidine tetrahydrochloride-H 2 O 2 solution. Finally, the sections were counterstained with hematoxylin, dehydrated in an ascending series of alcohol solutions, and cleared with xylene.
In situ hybridization
A formalin-fixed paraffin-embedded RNAscope 2.5 assay was used for in situ hybridization in the tubulointerstitium. NBF-fixed paraffin-embedded kidney specimens were sliced into 5 lm-thick sections, air-dried overnight, and then baked in an oven for 1 h at 60 C. All procedures for in situ hybridization were performed according to the manufacturer's instructions for the RNAscope 2.5 HD Reagent Kit-RED (Advanced Cell Diagnostics, Inc., Hayward, CA, USA Scanning electron microscopy (SEM) and modified SEM (mSEM)
For routine SEM, slices of GTA-fixed kidney were treated with tannic acid and post-fixed with 1% osmium tetroxide (OsO 4 ). The specimens were dehydrated and dried using an HCP-2 critical point dryer (Hitachi, Tokyo, Japan). The specimens were sputter-coated for 60 s with a Hitachi E-1030 ion sputter coater (Hitachi, Tokyo, Japan). Kidney sections were examined using an S-4100 SEM with an accelerating voltage of 10 kV. We also used our previously described mSEM technique to examine the ultrastructure of the tubulointerstitium. 26 Histoplanimetry Digital images randomly selected over 30 glomeruli or 30 tubulointerstitial areas from each mouse were acquired at high magnification (400Â) using a BZ-X710 fluorescence microscope (Keyence). The numbers of B220 þ B cells, CD3 þ T cells, and Iba1 þ macrophages observed in the digital images of glomeruli were counted manually.
In addition to inflammatory cells, IL-1F6/IL-36 þ tubules were detected in the tubulointerstitium, as its immunoexpression signifies renal tubule damage which is also correlated with TILs and injured capillaries. 5, 27 The numbers of B220
þ PTCs, and IL-1F6/IL-36a þ damaged tubules in the digital images of the tubulointerstitium were assessed using a BZ-X Analyzer (Keyence). One hundred PTCs were selected randomly from each mouse using images obtained from mSEM. Among these, PTCs showing EC thickening with loss of fenestration as well as irregular and narrow capillary lumina were considered injured PTCs.
Laser microdissection (LMD), reverse transcription, and real-time PCR
Frozen sections were cut at 5-lm thickness and stained with toluidine blue. First, all glomeruli were removed from a kidney section by LMD using a MicroBeam Rel.4.2 (Carl Zeiss; Oberkochen, Germany). Whole kidney sections lacking glomeruli were collected manually for further analysis from each mouse. Total RNA from dissected samples was isolated using a miRNeasy Micro Kit (Qiagen). Complementary DNA (cDNA) was synthesized from total RNA from dissected tubulointerstitium by reverse transcription by using ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan). cDNA was used in real-time PCR with THUNDERBIRD SYBR qPCR mix (Toyobo) and a CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Tokyo, Japan). Gene expression in the tubulointerstitium was normalized to the expression of ß-actin (Actb).
The primer pairs are shown in Supplementary  Table 2 .
Statistical analysis
The results were expressed as the mean AE standard error. The results were statistically analyzed using a nonparametric Mann-Whitney U test (P < 0.05).
The Kruskal-Wallis test was used to compare three or more populations, and multiple comparisons were performed using Scheffe's method when significant differences were observed (P < 0.05). The correlation was analyzed using Spearman's rank correlation test (P < 0.05).
Results
GLs and TILs in AGN model mice
Renal histopathology was examined in kidney sections from Yaa mice and their respective control BXSB mice at 8 and 24 wks of age ( Figure 1(A-D) ). In control BXSB mice, no GLs or TILs were found at either age examined ( Figure 1(A, C) ). However, Yaa mice showed no GLs and TILs at 8 wks of age but lesions were clearly found at 24 wks of age characterized by glomerular hypertrophy, increase in glomerular cell number, dilatation of tubules, presence of urinary cast in tubules, and infiltrating cells in tubulointerstitial spaces (Figure 1 (B, D) ). Higher numbers of B220 þ B cells, CD3 þ T cells, and Iba1 þ macrophages were found in GLs and TILs of Yaa mice at 24 wks of age compared with those of Yaa mice at 8 wks of age and BXSB mice at both ages examined ( Figure 1(E, F) ). These results indicate that Yaa mice developed GLs as well as TILs at 24 wks of age.
Normal distribution of PTCs in AGN model mice
Our previous study showed that number of PTCs decreased in a mouse model of TIL by unilateral ureter obstruction and their number related with TIL severity. 5 As AGN model mice clearly showed TILs at 24 wks of age in the present study, we examined the distribution of PTCs at this age and found a normal distribution of CD31 þ PTCs (Supplementary Figure 1) . Further, the number of CD31
þ PTCs tended to be decreased in Yaa mice compared with BXSB mice, but no significant difference was observed (Supplementary Figure 1) . We also examined the distribution of PTCs in Microfil-perfused kidney (Figure 2(A, B) ). A slight number of signals for Tlr9 mRNA was detected in the proximal tubules and PTCs of BXSB mice at 24 wks of age (Figure 2(C) ). However, strong signals for Tlr9 mRNA were detected in PTCs of Yaa mice at 24 wks of age (Figure 2(D) ). As also found in our previous study, 25 podocytes exhibited Tlr9 expression (Supplementary Figure 2) . There was no or scant Tlr9 protein localization in PTCs of BXSB mice at both ages and Yaa mice at 8 wks of age (Figure 2(E-G) ). However, Tlr9 protein was abundantly localized in the cytoplasm of PTCs of Yaa mice at 24 wks of age (Figure 2(H) ). Tlr9-positive reactions were also detected in the podocytes of Yaa mice at 24 wks of age (Supplementary Figure  2) , as shown in our previous study. 25 To examine the effect of Yaa mutation on Tlr9 expression in PTCs of Yaa mice, Tlr9 protein localization was also examined in another AGN model, lpr mice. Similar to the results in BXSB and Yaa mice, the respective control MRL showed no Tlr9 protein localization but intense reaction was found in PTCs of kidneys from lpr mice (Supplementary Figure 3) . Tlr9 immunoreaction was also confirmed in the spleens of 24 week-old Yaa mice (Supplementary Figure 3) . The percentage of Tlr9 þ PTCs was significantly higher in Yaa mice at 24 wks of age compared with that in other examined mice at both ages (Figure 2(I) ).
Expression of Tlr9 and its downstream cytokines in kidney tubulointerstitium
As shown in Figure 3 , we examined mRNA expression in the tubulointerstitium by using LMD following real-time PCR at 24 wks of age. mRNA expression of Tlr9 was significantly higher in Yaa mice than that in BXSB mice. Further, levels of its downstream cytokines 28 including interleukin 1 beta (Il1b), Il6, interferon gamma (Ifng), and tumor necrosis factor alpha (Tnf) also tended to be upregulated in the tubulointerstitium of Yaa mouse kidneys compared with levels in BXSB mice, and significant differences were observed for Il1b and Il6. 
PTC injury in AGN model mice
We examined ultrastructural injury of PTCs in all examined mouse kidneys. mSEM showed that BXSB and Yaa mice at 8 wks of age exhibited preserved normal PTC structures (Figure 4(A, B) ). BXSB mice at 24 wks of age showed normal PTCs but Yaa mice at the same age showed PTC injury characterized by thickening of ECs, loss of fenestration, and irregular capillary lumina (Figure 4(C, D) ). Yaa mice also showed wide tubulointerstitial spaces, indicating edema, with infiltrating immune cells. For the standard SEM method, BXSB mice at both ages and Yaa at 8 wks of age showed well-preserved PTC lumina (Figure 4 (E-G)), but Yaa mice showed loss of endothelial fenestration at 24 wks of age (Figure 4(H) ). A greater percentage of injured PTCs was found in Yaa mice at 24 wks of age compared with other examined mice at both ages (Figure 4(I) ).
Tubular injury in AGN model mice
In our previous study, increased numbers of IL-1F6/IL-36a þ distal tubules were found in injured kidneys, which also related with TIL. 27 Moreover, IL-1F6/IL-36a þ tubules were correlated with EC injury and PTC loss. 5 BXSB and Yaa mice at 8 wks of age showed no IL-1F6/IL-36a þ tubules ( Figure 5(A, B) ). BXSB mice at 24 wks of age showed normal tubules, but Yaa mice at the same age showed abundant IL-1F6/IL-36a þ tubules ( Figure 5(C, D) ). Greater numbers of IL-1F6/ IL-36a þ damaged tubules were found in Yaa mice at 24 wks of age compared with those of 8 wks of Yaa mice and both ages of BXSB mice ( Figure 5(E) ). mSEM analysis also revealed tubular dilatation, flattened tubular epithelium, wide tubulointerstitial spaces, and misshapen capillary lumina in diseased mice kidney compare to others ( Figure 5(F-I) ). These data indicated that PTC injury was accompanied by tubular injury in Yaa mice at 24 wks of age.
Correlation among the indices of renal Tlr9 expression, PTC injuries, and TILs
We analyzed the statistical correlation among renal Tlr9 expression, PTC injuries, and TILs by using the parameters obtained from all animals ( Table 1) . Tlr9 expression level in tubulointerstitium examined by LMD was positively and significantly correlated with immune cell infiltration into TILs, mRNA expression of proinflammatory cytokines (Il1b, Tnf) in the tubulointerstitium, the percentage of injured PTCs examined by mSEM, and the number of IL-1F6/IL-36a þ tubules. The percentage of Tlr9 þ PTCs and injured PTCs examined by immunostaining and mSEM, respectively, also showed a similar positive and significant tendency toward correlation, except for the parameters of macrophage infiltration into TILs and mRNA expression of Il6 and Ifng in tubulointerstitium. The number of IL-1F6/IL-36a þ tubules was positively and significantly correlated with immune cell infiltration into TILs, mRNA expression of proinflammatory cytokines (except Ifng) in the tubulointerstitium, the percentage of injured PTCs examined by mSEM, and the percentage of Tlr9 þ PTCs.
Discussion
In the present study, we have introduced a potential role of the innate immune system through activation of Tlr9 in PTC ECs in AGN model mice. We showed de novo expression of Tlr9 in PTC ECs for the first time and subsequent injury. In addition, we also elucidated the contribution of this injured PTC to the development of TILs in AGN. Chronic GLs are thought to be converted into TILs by overfiltration of plasma proteins, inflammatory cytokines, or hypoxia. 29 Therefore, AGN can chronically progress to ESRD through the interstitial fibrosis associated with the injury of renal tubules and PTCs. Importantly, the number of damaged tubules increased with immune cell Previously, we showed that injury and loss of glomerular capillaries negatively correlated with the development of GLs. Importantly, the efferent arterioles from the glomerulus allow the PTC to branch to the tubulointerstitium. Further, as altered renal vasculature in the kidney leads to hypoxia which results in renal inflammation in humans and experimental animals, 6, 31 in the present study, we attempted to determine the correlation between PTC injury and TILs in AGN model mice. Importantly, the number of PTCs was not significantly altered in AGN model mice, but the ultrastructural changes characterized by narrow and irregular of PTC lumina, EC thickening with loss of fenestration, and EC activation or detachment with peritubular infiltration of immune cells were clearly induced in PTCs in AGN model mice. Furthermore, a significant positive correlation was found between PTC injury and TILs. Therefore, we considered that PTC injury was accompanied with the development of AGN and inflammatory TILs, and injured ECs of PTC in AGN caused local hypoxia which can contribute to TIL development.
ECs are now considered active members of innate immunity that participate in the innate immune response to infection and injury. Tlrs, members of the innate immune response, are selectively expressed in ECs. Among Tlrs, Tlr9 is expressed in different ECs and causes tissue damage. 20, 32 Moreover, our previous study showed that overexpressing Tlr8 and Tlr9 in glomerular podocytes correlated with the progression of AGN in mice. 24, 25 Podocytes are crucial cells for maintaining the barrier between renal tissues and the blood stream, known as the BUB. Similarly, renal tubular ECs and ECs of PTC have important roles in the barrier between renal tissues and the bloodstream by reabsorbing filtrate components into the PTC and trafficking leukocytes from the bloodstream to the extravascular space, respectively. 33, 34 Therefore, similar to podocytes, we hypothesized that tubulointerstitium like PTC ECs or tubular epithelium would participate in the innate immune response by expressing Tlrs. As expected, in the present study, we found that Tlr9 mRNA was expressed in podocytes as well as ECs of PTCs in Yaa mice. We also demonstrated that expression of Tlr9 and its downstream cytokines Il1b, Il6, Ifng, and Tnf, was induced by activation of the NF-kB pathway 28 in the tubulointerstitium of AGN mice. From these results, similar to the GL pathogenesis via Tlr9-NF-kB, 25 we concluded that this pathway also plays an important role in the progression of TIL in AGN model mice.
Tlr9 expression was observed only in AGN model mice at 24 wks of age, but not in control and younger mice. The duplicated Yaa locus of Yaa mice contains approximately 19 protein-coding genes including Tlr7 and Tlr8, 22, 23 whereas Tlr9 is located in the autosome. Further, this result was also confirmed by showing Tlr9 protein localization in PTC of another AGN mouse model, the lpr strain. Therefore, overexpression of Tlr9 in PTC was not due to genomic factors, but systemic autoimmune disease condition would increase its expression. Importantly, Tlr9 is localized to the endosomes, and it can recognize internalized CpG-DNA from bacteria and DNA viruses 35 and host-derived nucleic acids. 36 Interestingly, immune complexes containing DNA internalized via Fc gamma receptor also seem to bind to Tlr9 in endosomes. 37 Importantly, the serum level of anti-dsDNA autoantibodies is remarkably high in Yaa mice and lpr mice. 25 Therefore, overexpression of Tlr9 of ECs in PTCs might be needed to process the increased immune complexes circulating in the bloodstream and/or reflected the increased endosomal activities in ECs. In fact, EC ultrastructural observations showed increased cytoplasm size. Taken together, the results suggest that Tlr9 participates in the progression of TILs as a modulator rather than an initiator by activating downstream inflammatory pathways.
The activation of ECs through Tlrs was also found in humans and experimental animals through prior inflammatory stimuli such as Ifng, Tnf, or Ilb. 10, 32, 38 To examine the response of ECs via Tlr9 by candidate ligands and/or cytokines, ex vivo analysis of ECs in PTCs from the kidney would be useful. However, the expression of Tlr family proteins depends on origin or location of ECs. 34, 39 Although we isolated glomeruli by beadcirculation methods and demonstrated faint Tlr9 expression in glomerular ECs with the combination of histological study, 25 purifying the ECs in PTCs would be unrealistic methodologically. Therefore, we applied the correlation analysis between Tlr9 expression and histopathological indices to estimate the function of Tlr9 in ECs of PTCs. The present statistical analysis revealed that Tlr9 expression in tubulointerstitium was positively correlated with immune cell infiltration into TILs, mRNA expression of proinflammatory cytokines (Il1b, Tnf) in the tubulointerstitium, the percentage of injured PTCs examined by mSEM, and the number of IL-1F6/IL-36a þ tubules. These results suggest that PTC ECs activation through Tlr9 induces proinflammatory cytokine production, which enhances the injury of PTC ECs and tubules in an autocrine and paracrine manner.
Conclusion
In summary, we have demonstrated that EC Tlr9 leads to inflammatory cell recruitment into the tubulointerstitium and TILs in AGN. In addition, PTC injury and TILs were accompanied by GLs in AGN model mice, suggesting crosstalk between the glomerulus and tubulointerstitium during disease progression. However, critical details about the postulated series of events remain to be elucidated, such as more specific characterization of Tlr9 ligands that are induced in this model. The comparative contribution of Tlr9 and other Tlrs would also be beneficial to elucidate a more complete picture of the development of TILs in AGN.
